Many types of nanoparticles (NPs) have been reported to be toxic to organisms. Wastewater treatment plants are among the important pathways for the migration and transformation of NPs in the environment. Based on a summary of the toxicity of NPs to microorganisms, this review discusses the advances in the fate and transformation of NPs in wastewater treatment plants (WWTPs) and the impacts of NPs on the biological treatment of wastewater. These NPs primarily include Ag NPs, Cu NPs, CuO NPs, ZnO NPs, TiO 2 NPs, Al 2 O 3 NPs, SiO 2 NPs, carbon nanotubes (CNTs) and magnetic NPs. This review observes that the different properties of these NPs result in significant differences in the fate, transformation, antimicrobial activities and effects on biological wastewater treatment. Although many studies have been undertaken in this field, more studies are needed to address the adverse effects of NPs on organic and nutrient removal, as well as their toxic mechanisms.
Introduction
Nanomaterials and nanotechnology have affected human life in many ways. Many types of nanoparticles (NPs), such as carbon nanotubes (CNTs), zinc oxide (ZnO NPs), titanium dioxide (TiO 2 NPs), manganese oxide (MnO 2 NPs), copper oxide (CuO NPs) and copper (Cu NPs), and silver (Ag NPs), have been widely used in such applications as medicines, pesticides, alternative energy, catalysts, and consumer products. . His research interests focus on environmental toxicity, including the environmental behavior of toxic substances and nanoparticles (NPs) and biological toxicity of typical pollutants in the environment. His interests also concentrate on advanced treatment of refractory wastewater by advanced oxidations. He has more than forty publications so far, including papers and books. NPs have been used as an antibacterial agent due to their antiseptic properties in children's toys, clothing and washing machines. Cu NPs have been applied in bioactive coatings, air and liquid ltration, skin care products, wood preservatives, textiles, and coatings on integrated circuits. During the production and applications of nanomaterials, a portion of them will likely enter the environment. Owing to their large surface area and small size (1 to 100 nm), nanoparticles (NPs) possess special physical and chemical properties. The ecotoxicological evaluation of NPs is an equally important problem. 3 In recent years, a number of ecotoxicological studies have been carried out on NPs in aquatic organisms, such as bacteria, cells, algae, and zooplankton. [4] [5] [6] [7] It is known that wastewater treatment plants (WWTPs) are one of the most important pathways for NPs to enter the environment. 8, 9 Activated sludge in WWTPs, a suspended microbial aggregate playing a primary role in pollutants removal, contains many types of microorganisms and their extracellular products. Because NPs have been shown to be toxic, their impacts on the functional microorganisms of activated sludge are worth studying. Numerous published studies have investigated this subject.
The present review begins with a summary of the toxicity of various NPs to microorganisms. We summarize and review the fate and transformation of NPs in wastewater treatment systems, as well as the effects of NPs on the performance of biological nitrogen removal, phosphorus removal and microbial communities for the degradation of organic pollutants. We also advance our own views on the aspects that are incomplete and warrant further research.
Effects of NPs to microorganisms
The increasing use of metal and metal oxide nanomaterials leads to the discharge of nanomaterials into the environment. Many researchers have evaluated these materials' toxicity to microorganisms. 10 The inhibitory effect of Ag NPs and Au NPs on microorganisms in a modern WWTP was reported using realistic activated sludge. 11 This research indicated that 100 mg L À1 Ag NPs is intermediately toxic to ordinary heterotrophic organisms (OHO) (by 33% of inhibition), while Au NPs show no or very low toxicity to OHO, ammonia oxidizing bacteria (AOB), and anaerobic biomass at the concentration of 90 mg L À1 . At low concentrations (<5 mg L À1 ), Ag NPs do not affect anaerobic degradation, resulting in functional redundancy built within the microbial community. 12 In addition, the toxicity of Ag NPs to different microorganisms greatly differs, being the lowest (0.1 mg L À1 ) for crustaceans and algae, and the highest (26 mg
) for mammalian cells. 13 The toxicity of Ag NPs is also affected by coexisting substances, e.g., sulphide. The presence of sulphide reduces the toxicity of Ag NPs to C. riparius, because sulphide can decrease the release of Ag + from Ag NPs.
14 ZnO NPs toxicity is related to the species of bacteria. 10 mg L À1 ZnO NPs can cause signicant growth inhibition (up to 90%) in Bacillus subtilis but only cause 22% of the growth inhibition in Escherichia coli (E. coli). 15 Moreover, ZnO NPs can induce the production of oxidative stress, causing cell membrane damage and cytoplasmic leakage owing to lipid peroxidation (LPO) at concentrations higher than 1. 44 When a phenol wastewater treatment system is exposed to SWCNTs (2.5 g L À1 ) over an extended period, the structure, richness and diversity of microbial communities are shied. 45 The effect of MWCNTs on upow anaerobic sludge blanket (UASB) microora shows that the reduction in a colony-forming unit (CFU) reaches 29% and 58% at MWCNTs concentrations of 1 and 100 mg L À1 , respectively.
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In summary, most of the NPs mentioned above are toxic to microorganisms at certain concentrations, which makes it necessary to identify the possible adverse effects of them on the microbial activities of activated sludge in wastewater treatment plants.
Fate and transformation of NPs during the biological treatment of municipal wastewater
NPs released from different nanomaterials are nding their way to wastewater treatment tanks and end up in wastewater sludge. [47] [48] [49] It is essential to investigate the fate and transformation of NPs to evaluate the potential environmental impacts on wastewater treatment systems. Many research ndings indicate that for the removal of NPs, such as Ag NPs, Cu NPs, ZnO NPs, TiO 2 NPs, CuO NPs and CeO 2 NPs, from wastewater, multiple mechanisms are involved, including the physical entrapment of NPs into the oc, active cellular uptake, and binding to extracellular polymers substances (EPS) or bacteria surfaces. 50, 51 Regardless of the mechanisms of removal, most NPs can be removed from suspension with the primary and/or secondary solids that are settled, wasted, and dewatered to form biosolids. Namely, only a very small fraction of NPs are discharged with the treated effluent. 52 For example, it is estimated that only 6% of CeO 2 NPs are transmitted through a WWTP, 53 and 95% of Cu NPs are removed from wastewater.
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The predominant mechanisms of copper removal appear to be aggregation and settling (Cu NPs), rather than biosorption. In addition, ZnO NPs are also efficiently removed from wastewater, with an insignicant portion being released into the environment through the treated effluent. 55 A large percentage of ZnO NPs settle out into the sludge. Under wastewater conditions, most NPs aggregate and are attached to the biomass.
Silver can bind strongly to sulphur (both organic and inorganic) in WWTPs, and most Ag NPs are concentrated and then removed. 56 Additionally, most of the Ag NPs in both effluent and sludge are present in the form of Ag 2 S. 57 The almost complete removal of citrate-coated Ag NPs is achieved from a simulated sequencing batch reactor (SBR).
58 Ag NPs are efficiently transported into sewer systems without substantial losses to the sewer biolm.
59 Therefore, Ag NPs can be efficiently removed from wastewater treatment systems.
Raw sewage titanium concentrations range from 181 to 1233 mg L À1 in 10 representative WWTPs in the United States. The
WWTPs can remove more than 96% of the inuent TiO 2 NPs, and the effluent titanium concentrations are less than 25 mg L À1 in all WWTPs.
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In many cases, >90% of NPs from sewage appear to be removed, but poor removal efficiencies of SiO 2 NPs have been reported. For example, the occulation and sedimentation processes used in primary wastewater treatment are shown to be ineffective in removing 56 nm SiO 2 NPs at 2470 mg L À1 due to their stability and slow settling rate. 61 In another study, 62 96% of SiO 2 NPs was effectively removed from the wastewater during the rst 6 d, while the concentration of SiO 2 NPs in the effluent gradually increased aerwards, and the NPs discharge was as high as 65% of the input aer 30 d of SiO 2 NPs dosing. The poor removal of the SiO 2 NPs is related to the high colloidal stability of the SiO 2 NPs in the wastewater and their limited propensity to biosorption.
There are many environmental factors affecting the migration and transformation of NPs. Dissolution, aggregation and agglomeration are the main factors affecting the state of metal NPs in suspensions. 63 Additionally, the salinity also affects the activated sludge and its microorganisms.
64 These processes will consequently impact the bioavailability, uptake, and toxicity of NPs. 65, 66 Various properties of the exposure media can inuence the dissolution and aggregation of metal NPs, e.g. ionic strength, pH and the presence of natural organic matters (NOM).
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The release of Zn 2+ from ZnO NPs in wastewater is more signicant under acidic conditions and low ionic strength, but under alkaline conditions, most of the ZnO NPs show a strong affinity for the sewage sludge rather than dissolved or dispersed in the ltrate. 68, 69 It was found that the dissolution or ion release of Cu NPs occurs in wastewater treatment systems. NAR and NIR. The release of iron ions from the dissolution of magnetic NPs may also be responsible for the increase in bacteria activities. In summary, magnetic NPs have little adverse effects on nitrication and denitrication at #50 mg L À1 of magnetic NPs, whereas high concentrations of NPs can cause a depression in dehydrogenase activity. Overall, exposure time (short-term or long-term) is one of the important factors affecting the adverse effects of many types of NPs. The adverse effects of many types of NPs are of concern for the nitrication and denitrication in activated sludge. Most NPs at certain concentrations exhibit some adverse effects on nitrogen removal by inhibiting the key enzymes of nitrifying and denitrifying bacteria. Some adverse effects result from the release of ions from dissolved NPs.
Effects of NPs on biological phosphorus removal
Some studies have been reported on the effects of NPs on biological phosphorus removal. It was reported 92 that Ag NPs (<5 mg L À1 ) do not present obvious effects on biological phosphorus removal in both acute and chronic exposure. However, the removal rate of phosphorus was decreased to 48.8% at 1 mg L À1 of Ag + at short-term exposure, and almost zero phosphorus removal was achieved when the concentration of Ag + was greater than 2 mg L À1 . Ag + shows stronger toxicity to polyphosphate accumulating organisms (PAOs) than glycogen accumulating organisms (GAOs). In addition, the decrease in anaerobic phosphorus release by Ag + is caused by the inhibition of the activities of adenylate kinase and exopolyphosphatase (PPX), whereas the decrease in aerobic phosphorus uptake is due to the suppression of energy generation for phosphorus uptake. A comparison was conducted on the effects of Ag NPs and Ag + at concentrations from 1 to 5 mg L À1 on the performance of enhanced biological phosphorus removal (EBPR). Ag NPs showed no obvious effect on EBPR at both acute and chronic exposure, 93 whereas phosphorus removal was decreased by a sudden increase in Ag + concentration and was gradually recovered aer long-term culture. The mechanism study showed that the transformation of polyhydroxyalkanoates (PHA) and glycogen, and the activity of PPX decline when Ag + was suddenly increased, but they were recovered aer long-term culture.
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The effects of NPs such as ZnO, concentrations of nZVI (10-20 mg L À1 ) can improve phosphorous removal.
Effects of NPs on organic-degradation microbial communities
Many studies have commenced investigations into the effects of NPs on activated sludge microbial communities. Ag NPs (1 mg L
À1
) can affect activated sludge microbial communities and cell culturability depending on the physical structure of the activated sludge ocs, the spatial distribution of microorganisms in activated sludge ocs, and the community structures in the activated sludge. 94 Doolette et al. 81 found methane production was not affected by Ag NPs ($3 g kg À1 -TS) in an anaerobic batch test. Ag NPs were found to be transformed into Ag 2 S in activated sludge, and transformed Ag NPs have no adverse effects on methanogenesis. However, a change in niche populations was found, suggesting that Ag NPs may adversely impact sub-dominant wastewater microbial communities. In addition, Chen et al.
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suggested that COD removal is moderately affected by low concentrations of Ag NPs. When Ag NPs were added at 0.2 and 2 mg L
À1
, the removal percentages were decreased from 99% to approximately 80%, but COD removal was remarkably recovered 3 d later, and a COD removal efficiency of approximately 93% was achieved. Additionally, a remarkable change occurred in the microbial community structure, which can be interpreted as an improvement in recovery. However, it was reported that the COD removal rate will decrease with the increased addition of Ag NPs and that only 20% of COD is removed at an Ag NPs concentration of 50 mg L
. 95 Yang et al. suggested that Ag NPs at moderate concentrations (#40 mg L
) have negligible effects on anaerobic digestion and methanogenic assemblages, 49 whereas 50 mg L
Ag NPs signicantly decreased the COD removal efficiency. ZnO NPs at 34.5 mg L À1 are highly toxic and rapidly disrupt the methanogenic activity during UASB operation, and the toxicity was more severe for acetoclastic methanogens compared with hydrogenotrophic methanogens. 96 In addition, sub-ppm levels of ZnO NPs present a remarkable effect over the long-term, as evidenced by the gradual decrease in the methanogenic activity of the biomass. This nding may be attributable to two factors: the enhanced toxicity with exposure time, and the accumulation of ZnO NPs during wastewater treatment that may increase the effective concentration of ZnO NPs in direct contact with the microorganisms in sludge. Also, 50 mg L À1 ZnO NPs can inhibit the microbial activities only in the outer layer of biolms, and bacteria present in the deeper parts of biolms become even more active. 97 Methane production was not obviously affected by ZnO NPs at the concentrations of 10 and 50 mg g À1 -TSS, but it was decreased when ZnO NPs concentration was higher than 100 mg g À1 -TSS, because ZnO NPs caused a decrease of proteins in EPS by 69.6%. 98 Additionally, the C-O-C group of polysaccharides and carboxyl group of proteins in EPS were also changed. The average methane production was decreased by 43.5% at a ZnO NPs concentration of 200 mg g À1 -TSS. ZnO NPs can also cause severe inhibition of methanization.
Cu NPs can cause inhibition of acetoclastic methanogens, but not of H 2 -utilizing methanogens at a Cu NPs concentration of 62 mg L
. 99 Therefore, ZnO NPs, CuO NPs and Cu NPs can induce inhibition of methane production during anaerobic biological wastewater processes. The production of ROS and the release of LDH showed that exposing the activated sludge to CuO NPs caused oxidative stress and damaged cell membranes in the sludge ocs and the production of EPS; in particular, polysaccharides were enhanced by 89.7% with exposure to 50 mg L À1 CuO NPs. 100 Long-term exposure of the microorganisms retained in the sludge bed to CuO NPs (1.4 mg Cu per L) can cause signicant inhibition of Acetoclastic methanogenesis, which eventually leads to the complete disruption of the bioreactor performance. 101 The inhibition is likely induced by both CuO NPs and released copper ions.
The addition of Cu NPs to biological wastewater treatment systems presented no signicant effects on sludge fermentative volatile fatty acids (VFA), the preferred carbon source for wastewater biological nutrient removal production, as the sludge solubilization was increased, and the acidication was decreased.
102 When Cu NPs are directly added to the anaerobic fermentation reactor, both the hydrolysis and acidication are inhibited at a Cu NPs concentration of 50 mg L À1 , resulting in an ultimate VFA production much less than that of the control by approximately 45% aer 10 d exposure.
The adverse impacts of SiO 2 NPs on activated sludge was studied using the activated sludge respiration inhibition test and it was suggested that SiO 2 NPs affect the biological activity in activated sludge through the inhibition of total oxygen uptake at concentrations higher than 50 mg L À1 . 103 Transmission Electron Microscopy (TEM) image analysis suggests some of the SiO 2 NPs are adsorbed on and/or apparently embedded in the microbial cell membrane.
Summarily, most NPs at certain concentrations have adverse effects on microorganisms for organic degradation in activated sludge (Table 2) . Aer exposure, a degree of inhibition might occur to microbial communities and to the activities of certain key enzymes in activated sludge, subsequently resulting in the abnormal performance of activated sludge systems.
Conclusions and future directions
Many studies have been conducted on the fate of NPs, as well as their effects on biological wastewater treatment, and many achievements have been reported. It can be concluded from this review as follows:
(1) Most NPs, such as Ag, ZnO, CuO, Al 2 O 3 , SiO 2 , CNTs and magnetic NPs, can cause varying degrees of damage to microorganisms at certain concentrations. Ag, Cu and ZnO NPs present relatively signicant toxic effects compared with other NPs at similar exposure concentrations. In particular, TiO 2 NPs do not show strong toxicity to microorganisms at both shortterm (even at 500 mg L À1 ) and long-term exposures (<50 mg Although many studies have been conducted in this eld, the achievements are far from complete. For instance, as to Au NPs and CNTs, no reports are found on their effects on biological nitrogen and phosphorus removal. There are only a few studies found that report the effects of NPs on organics removal. NPs removed from sewage will accumulate in biosolids, and more research is required to understand the fate of NPs upon the ultimate disposal of biosolids. The effects of NPs on biosolids disposal process also need more research. In addition, longterm effects of NPs at low concentrations on the functional microorganisms need more concern.
